V. Photomultiplier Tube System.

Two types of photomultipliers will be used to read out the EMC barrel. The 30 mm
single channel PMFEU115M will be used toread out the 2fibers coupled tahe 21
scintillating tiles in the calorimeter towers. 4800 of these PMTs will be required to readout
the entire barrel calorimeter. In additi8@0 R59000 16-channelmultianode PMTswill
be used to readout thmeshower signals fromachtower. Inwhat followsthe details of
the PMT system will be discussed.

V.1 PMT Specifications
Table 1shows gpartial list of our requirementgor the main barrel PMTand the
technical justification for each item.

Iltem | Description Requirement Technical Justification

1 Pulse linearit | better than + 1% | upper limit imposed ly loss oflinearity
between 0- 25 mAveak| in the barrel due to leaga of enegy
current @ g=410° at 60 GeV

2 Dark Current | lessthan 5nA at again | limit imposed ly source calibration
of g=4x10° at 25 C. system. The contribution of the dagk
current to the total intgated chage to
be 40-50timeslower thanthat of a J
mCi ®Co source.

3 Photocathodg better than10% over g limit imposed ly requirement td
uniformity circular spot ofdiameter| sanple 21 lyers of a tower uniforngl
10 mm for all PMTs This will be done § usimg a diffusenq
to cowple the fiber bundles to th

174

PMTs.
4 Quantum better than 12.5% @] to minimize the contribution of the
effic. 490 nm for all PMTs. photostatistics copared to intrinsi

EMC sanpling limits. (Ref. STAR
note SN0316)

5 gain at least #10° @ -1800| required to fit the lagest sgnals (i.e.,
V3 60 GeV @n =1 deosits= 90(C in
.. | the ADQ in the hgh end of 14 bi
f I tub th . :
A()\;:zado Véjltses within dynamic rage of the ADCswith Ieastl

significant bit resolution of 0.25 pC
(12 bit resolution + pedestal).

6 rise time/ not to exceed 4s/ (less| to avoid nonlineant caused ¥ space
than 40 ndor a 10 mm| chage densi buildup due to hgh
diameter pot centered inst. rate.

on thephotocathode @

(transit time)

! Made by MELZ at Russia.
2 Made by Hamamatsu Corp.
3 Measured with voltage division ratio (K-A): 3R, 2R, R, R, R, R, R, R, 1.2R, 1.6R, 2R, 3R, 3R.
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1800 V with thitered
PMT base.

7 useful life all specs. remain within| 10 yearslifetime for the detector.(37
required limits  for| week @erationyear with 5KHz
anode intgrated chage | signal/tower at 166p.e./MIP g =
of 10C 4x10°)

Table 1. Specifications for STAR barrel EMC photomultiplier tubes.

In addition to the specifications listed in Table 1 we require thatPttids meet the
following stability criteria:

ltem Description Requirement
1 short term  gain| afterburn in at 5puA for 40 hoursstable to 1%for 100
stability hours @ 1A @ 25C
2 long term gain| after burn in at 1A for 40 hoursstable to 2% for 1000}
stability hours @ 5 nA @ 2%
3 Tenperature Quantum efficiency change of less than 0.5%0/
dependence
4 Rate effects <5% chamge in gain for current chage from 5 nA to 2
HA.
<1.5% charge in gain for current chage from 5 nA tg
500 nA.
5 pulse recovery gain must recover to within 2% within 1 msec after] 25
mA peak pulse.
6 dark current stability | <10% charge @ 23C over time after initial burnin
period.

Table 2. Stability requirements for the STAR barrel EMC photomultiplier tubes.

The FEU115M manufactured bELZ sufficiently meet$>°"2the requirements
outlined above. Figure 1 shows the gain of the FEU115M as a function of applied HV with
the MELZ PMT base.

“Study of a FEU-115M Photomultiplier”, S. Majewski et al. CEBAF internal note 6/12/93

“Study of a FEU-115M Photomultiplier Part 11", S. Majewski et al CEBAF internal note 6/25/93
“Study of a FEU-115M Photomultiplier Part IlI", S. Majewski , CEBAF internal note 7/22/93
“Performance Studies of A New Russian FEU115M Phototube”, G. David et al PHENIX EMC notes.
“FEU115: tests of rate effects at low frequencies”, G. David and A. Patwa, PHENIX EMC notes.

o N o o s
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Figure 1. Measurement of the gain vs. HV for FEU115M.

In order to readoutthe preshower signalsHamamatsuR5900 16 channel
multianode PMTs are chosen. The choice of this PMT is based on space limitations as well
as costissues. The CDF collaboratiohas made in depthstudies of R5900 fotheir
shower max detector. Of particular interest is ¢hesstalk betweemeighboring channels,
and channel to channel gain variations of factor 3. Further studies on these PMTs will be
required.

V.2 PMT base design.

Unlike the PHENIXEMC modules wher¢he PMTs are geometrically arranged in
close proximity, which allows one to combine the HV distribution and control functions of
several PMTs into a singlmodule, the PMTs in STAR barrelEMC are uniformly
distributed over the iron return backlegsjight tight boxes ovetthe entiresurface of the
detector. As suclthey pose a safety awell as integration problenfor traditional HV
systems where each PMT would require a HV transmission line.

In order tominimize power dissipation, cosgnd addresshe safetyconcerns associated
with distribution of HV for a large number of PMTs it was decided, right from onset of the
EMC project that a&Cockcroft Walton typdoase would be mosippropriatefor the STAR
EMC.

In addition to safety and cogisues CW basesave advantages ovémaditional
resistive dividebasessince they dissipatiessheatand provide better transienésponse
due to lower impedance.

The operation of a CW PMT babkasbeen described by severlthors,suffice it
to say that in general a CW base consists of a charge pump, a diode/capdtjilication
chain, a voltage reference, a feedback loop and a mechanism to régulai¢put voltage
by comparing a fraction of the output voltagih the reference voltag@isually supplied

° “Preliminary results of tests performed on Hamamatsu R5900 ...”, M.Lindgren et al., 8/3/1995, CDF
report.
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by a DAC). Care must be taken to decouple switching induced noiseshieoRMT anode
signals.Experience witithe RICE design and other C\Wesigns showshat this can be

done by carefuPCB layout and proper shielding by providingw impedanceground
planes. Since the temperature in the PMT boxes is controlled then the variations of the HV
usually associated with the drift of reference voltages may be ignored.

In our design we use a pulse width modulation/pulse frequandylation system
to regulate the HV on the CWhain.Only 12 voltand 5 volt DC externasupplies are
required. The base develops pulses of 0-100 volt which, when applied to theulfijglier
chain will develop dynode voltages according todhasion ratios defined byhe number
of multiplication stages.One such base haalready been developddr STAR CTB by
Bonner Lab.The Bonner design is developed operate in theéd.5 T magnetic field of
STAR assuch it uses nonagnetic materialand is ratheibulky. Our design will utilize
small inductors in buck-boost configuration driven by a P-channel MOSFET controlled by
a PWM/PFM DC converter chip.

The work on this is athe prototyping stage. Westimate thecost per unit of
approximately $75. This includeke cost of a 12it DAC per base.Note that inorder to
minimize gainfluctuations due to variations in HV one needs to have HV stability and
resolution of better tha@.5 volt. This requiredDAC s with better than 10 bitesolution.

The commercially available DACs to fit this requirement have 12 bit resolution.

Figure 2 represents a conceptual design of a slow control systéime {6V bases.

A main interface module located on tB®C slow control crate willsendthe address and
data bits via a differential bus (i.e., RS485) to multiplexer/demultiplexer moldakted in

the FEE crates, which in turn will address up tdP80T bases.This scheme requiresach

base to have a dedicated DAC, and ADC. As suchnitoie costly but moreeliable since
once a DAC's register is loaded and enabled the CW may operate independently.

A second scheme developed by L. Hubbeling éf &. for CERN experiment
WA98 uses a singlBAC to set voltages on up to 20BMTs. Inthis schemeach PMT
base contains a sample and hatdplifier which when addressed lifie DAC stores the
value of the referenceoltage. The trick is torefreshthe sample anfiold fast enough to
avoid the sagging of the reference voltage by one LSB. In this scheme one saves the cost of
the DAC; however,since thebases must beonstantly addressed one producasosy
environment in the CW base. Furthermore, doatroller card malfunctions, one will lose
the ability to control the HV for a large number of PMTs.

0“L_arge Photomultiplier Systems- A New Approach”, L. Hubbeling CERN/ECP 92-10, 2 September
1992

1 “HVOC, A VME High-Voltage Control Card for Large Photomultiplier Systems”, T. Hubbeling and L.
Hubbeling CERN/ECP 93-2 15 May 1993
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Figure 2. Conceptual design of PMT HV Slow control system.
A third scheme is taisethe HDLC link? already present at the FEE crates for
programming FEEnodules, to program HVs fahe PMTs. Weare currently evaluating
all of these schemes.

V.3 Quality Control and PMT Testing

The FEE115MPMTs purchased frooMELZ will undergo factory tests before
shipping. These tests will include an initial burn in test described in table 2. Durirtgghis
the gain, quantum efficiency, darkurrent, and riséime of each PMTwill be measured.
Only those PMTsthat meet theequirementdor these tests will be shipped to US for
further testing.

The Rochester University has the responsibility for testing the PMTs. The testing of
the 4800 PMTs will be extended over a periodvad years.During these testthe PMTs
will be carefully tested and characterized. Theeria for testing the Hamamatsa5900

12«The STAR TPC FEE HDLC Link”, Paule Barale et al., LBL internal note, June 22, 1995.
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PMTs issimilar with the additional requirement that channel to channel gain variation and
channel gain maps will be measured at the factory.

V.4 PMT assembly, PMT Box design and Integration

As mentioned earlier the bari@MTs will be installed in light tighboxesinstalled
on the magneron backlegsEach backledron will support two boxesEachbox will
house 80 FEU115M PMTs and five R5900U PMDse to lack of 3Dcalculations of the
magnetic field; there is a large uncertainty asvtat the magnetidields are on thdron
backleg along the entire length of the STAR. Some estimates put the field values anywhere
from a few gauss to 100 Gauss. Therefore it is essentmbtect thePMTs against stray
magneticfields. The PMTs will be wrapped with &yer of aluminuntoil, which will be
biased to the photocathode potenfidiis layer will be covered with insulatingpe. A 1
mm thick p-metal shield ADVANCE MagneticsAD-MU-80) will be used toprotect the
PMTs againstow magneticfields. A 0.125” thickness softon shield will beused to
attenuate intermediate magnetelds down to lowlevels to prevent saturation pfmetal
shield.

In order to verify the shielding effectiveness of BT assembly we positioned it
between the coils of a calibrated Helmholtz electro magnet (either in longitudinal or in
transverse directions). By controlling the current in the coil one could set the mégltetic
with an accuracy of better than 1%. A pulses used to pulse a fagteen LED® at 600
Hz with square 30rs2 volt pulses.The LED was optically coupled to &EU115M. The
HV on FEU115M was set to -1800 volts (with factory supplied resistive divider base). The
PMT outputs were sent to a fast digital scope@rmination) which was set to average a
train of 500 pulses. The area under the averaged pulse was integrated to give the position of
the peak of the pulse height distribution of LED signals.

Figure 3 and 4show the shielding effectiveness of the PMiBsembly for the
transverse and longitudinebnfigurations, respectivelyAll amplitudes are normalized to
zero field values. Note that tipemetal shield alone is capable of shielding transverse fields
of up to 100 gauss. Howevedue to uncertainties in the value of the STAR field we
propose to use the soft iron shield in conjunction withutineetal.

3 NSPG500 green LED manufactured by Nichia Corp., Japan.
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Figure 4. Magnetic shielding effectiveness of PMT assembly for longitudinal B field.
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Figure 5 showdshe arrangement of the PMassemblies within thbox. Note that in this
arrangement there are no component of magnetic field along the PMT longitudinal axes.

Figure 5. Arrangement of PMTs in the PMT box.

Figure 6 is a measurement of dark current as a function of HFMdr at temperatures of
25°C and 33C. Thisclearly showsthat inorder tomaintain thedark current below 5nA
one needs to operate the PMTs at the cooler temperature.
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Figure 6. Measurement of FEU115U dark current.

The PMTboxesmount on the STAR backleégon bars, and are separafeom the EMC
electronics crates.
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The PMT boxes provide:

» Light tight environment for phototubes and fiber decoding.

* Mounting support structure for shielded PMT assemblies

» Temperature control

* Interface between fiber bundles and fiber decoding.

» Electrical shielding

In general,there are Zboxes oneachbackleg, atotal of 60, each handling the
phototubes for 2 EMC modules fram= 0 ton = 1. There ar¢hus 80 PMTs fotowers,
and 5 of the 16-channel multianode PMTs for pre-showernambox. Eachbox has 1680
fibers fromthe calorimetetowers and 160 fibers frorthe preshowercomingin. In
addition, there are 105 interrfdders from 15LEDs for calibration. There arel60 cables
of RG174leaving eachbox through 2light-tight baffles. There are dew flat cables to
provide Low Voltage and control signalsttee phototubes antdED flashers. In addition,
there are two water tubes of 3/8 in copper for coolirige boxesare aluminum, with 3/4
inch styrofoam insulation inside to provide an R value of about 4.

The heat loadrom electronics inside box is about150 watts. The heat load
through the walls may be in eithdirection, depending othe temperature of theox, the
room and the magnet steel. It is calculated to be about 150alsitsWeconsidered using
electricalheaters to stabilize the temperaturettd.5* F, the temperature stability that is
neededor gain stability.However,the dark currengoes up dactor of 4 from 23 C to
33 C, fromthe 2 to 4 nA range to the 8 to 16 nA rangeuat voltages. Thus, we are
designing a heat exchanger to utilize the 60 deg F cooling water that is available. One gallon
per minute of this water per box will be more than adequate.

The optical fibers from the calorimeter are arranged with fibers from 2 towers and 2
preshower towers going to 5 connectors of 10 fibers each. This vedstel 0% of the
connectorspace,but the advantage ithat there argroups of nomore than 50 fibers
connected by connectors on one end and PMT cookies on the other end.

Due to the constraints of the STAR magnet, there are 3 different areas with different
size constraints othe PMT boxes. Wehave chosen to have only 2 differéinds of
boxes for reasons of mass production economy.

The constraint on top of the magnethat only 9 inches isavailable to clear the
door when the detector rolis. This meanghat electronics crates onlbcklegs will have
to be dismounted to roll the detector in and, However the calibrationvould be lost if
the fiber optics were disconnected, and there would be danger of damage as well. Thus, the
top boxeswill be 9 incheshigh. The electronics crates can be mounteduoh a way to
allow a length of 90 inches for the tBYMT boxes. Theboxesare22.5 incheswide, the
same as the backlegn, toallow access to fibers and connectors during installation, and
to protect the fibers coming otlie sides ofthe box at asteep angl€20 degrees from the
box face). The cable baffles (one on each side) take up 1.5 inches at the end ofribar box
n=1, close to the electronicrate.There is some room between bafftes electronics for
CCW control.

We can fit thephototubes intdhe space available in thep boxes by using 12
planes of Lucitegach carrying either &wer phototubes (4 oeachside) or 6 tower
phototubes and 1 multi-anode tube (4 tower tubes on one side andh2 ather). The
PMT shieldsare perpendicular to the beam directenmd perpendicular to the expected
magnetic field with this arrangement. The maximum diameter of the PMT shield/mounting
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tube is aboutl.7 inches,although the CCWbasescan bewider than this iforiented
properly. The room for a hand aadn to access theibes and fibers is abo8t5 inches

wide by 8.25 inches deep. The fiber connectors are arranged 10 connectors of 10 fibers on
each side of the box between Lucite planes.
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Side view of Cross section of PMT box and location of Box and Crate relative to Backleg Iron

Figure 7

The constraint at the bottom of the magnenisst severe in lengtffhe cradle for
the magnet restricts the space to 66 inches and the integration of the magnet hydraulics and
power further restrainthe box length to 57inches. Wecan fit thephototubes with the
above described shields and CCW bases in by using 7 planes of eachwjith 7 tower
phototubes on one side and 6 tower phototubes andlttanode tube on the othside.

The bottom boxes arg6.5 inches in the radiadirection. The room for a hand andrm to
reach in for working with phototubes and fibers is about 3.5 inches wide by 15 dedyes
when the sliding lid is removed.

There are othetonstraints athe sides ofthe magnebelow the waterhoses and
power cables. Herthe length is not limited, but theidth of the box is limited and the
radial height is limited. Théoxes forthe top of the magnet can beade towork here by
offsetting them from the center of the backleg bar.

The electronics crates are the size of YME crates. The cards pull out in the
magnet axial direction, away from= 0. In order that the cards will clear some iron blocks
which are part of the magnet, the crates are mounted somewhat awakdrbatkleg iron
the top and sides of the magnet. Thaximum radial distance is 2dches. Atthe bottom
of the magnet, there is a severe space constraint due to the gragifestand some of the
crates may have to be mounted outside the cradle. This affects 18 crates of 9U VME size.

V.5a Estimation of Current from PMT

First we estimate the number of photoelectrons/GeV in three ways:

1. From resolution inthe test beam test of the smplototype which had 2
pe/mipftile. The intrinsic resolutiorfrom the literature is14%/+E. The
measured resolutiowas 16%/E. The derived photostatistics resolution is
then 7.7%/+ E, and the number of photoelectrons/GeV is then 166.
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2. From the muon response in the test beam. If we get 2 pe/tile, and a muon looks
like 280 MeV. Then this will be 150 pe/GeV
3. From the number of particles in ahower from formulas forshower
development. At 30 GeV there are abtQ0 e+e- oveld.5 MeV atthe peak of
the shower.The distribution of theshower has aarealessthan half the peak
height times the calorimetelepth. This gives 100 x 21 / 2 x@&/mip or 70
pe/GeV ifonly particles overl.5 MeV madelight. The energy deposition in
tiles comes from electrordown to lesgshan0.5 MeV, so there is a big factor
more light there. | can't find the EGS calculation of this, but call it 3, so we get
something like 200 pe/GeV.
To find the current from the PMT, we need the gain and the rise timeokgrsay
we get 1/2 the charge in the rig@e of 4ns. For a 605eV electron, with &PMT gain of
10", this gives a total of 1.2 x 1@lectrons in the pulse, and a current of 25 ma. Fgaira
of 1¢, the current would be 250 ma.
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